1 2 Resolving ecophysiological processes in elevated atmospheric CO 2 (C a ) at scales larger than 3 single leaves poses significant challenges. Here, we describe a field-based experimental system 4 designed to grow trees up to 9 m tall in elevated C a with the capacity to control air temperature 5 and simultaneously measure whole-tree gas exchange. In western Sydney, Australia, we 6 established the Hawkesbury Forest Experiment (HFE) where we built whole-tree chambers 7 (WTC) to measure whole-tree CO 2 and water fluxes of an evergreen broadleaf tree, Eucalyptus 
Introduction
Atmospheric CO 2 concentration (C a ) has risen from 280 µmol mol -1 to the current concentration 3 of ca. 390 μmol mol -1 over the last 150 years, and continues to rise at a rate of 15 -20 µmol
Here we describe a unique field-based experimental system designed to grow trees up to 9 m tall 1 in elevated C a with the capacity to control T air and simultaneously measure whole-tree gas 2 exchange. In western Sydney (Australia), we established the Hawkesbury Forest Experiment 3 (HFE) where we installed WTCs to measure whole-tree CO 2 and water fluxes in an evergreen 4 broadleaf tree, Eucalyptus saligna Sm.. A single E. saligna tree was grown from seedling to 6.5 5 m tall within each of 12 WTCs for more than one year. Six WTCs were maintained at ambient 6 CO 2 (C a tracked outside conditions) and six WTCs were maintained at elevated CO 2 (ambient C a 7 + 240 μmol mol -1 ). All 12 WTCs were controlled to track ambient outside T air and air water 8 vapour deficit (D air ). Chamber performance characteristics are described in addition to the impact 9 of variation in daily light (Q) and D air on whole-tree fluxes of CO 2 and water. The climate in the region where the experiment was conducted is sub-humid temperate. Mean 28 annual temperature at this location is 17 °C, with a mean maximum temperature of the hottest 29 month of 29 °C, and mean minimum temperature of the coldest month of 3 °C. Frost events 30 occur an average of 13 times annually (Australian Bureau of Meteorology; www.bom.gov.au).
31
The long-term mean annual rainfall is 801 mm, with 1 st and 9 th deciles for rainfall of 528 and 1 1075 mm, respectively. The wettest months are typically in the summer (November and   2 February) and the driest months are in the winter (July and August); however, inter-annual The WTCs are made of a cylindrical aluminum framework 3.25 m in diameter topped with a 28 cone. The WTCs are modular in design and additional cylinders 3.25 x 2.5 m can be installed to 29 increase the internal height from 6.5 m to 9 m (Fig. 1 under-floor volume of ca. 4 m 3 ( Fig. 1 (A) The temperature control system consisted of a central refrigeration plant that cooled a 17 glycol/water solution to slightly below (1 -2 °C) the dew-point temperature of the ambient air.
18
The coolant was delivered to each WTC, where it circulated through a large surface area heat 19 exchanger (2 m x 1 m) mounted in housing on the south side of the WTC. WTC air was 20 continuously circulated through the housing by a frequency controlled fan (Swegon, Kvanum, 21 Sweden) at a rate that could be regulated between 0 and 12,000 m 3 hr -1 . The CO 2 flux was calculated from the mass balance of CO 2 entering and leaving the chamber as 3 a result of the chamber ventilation, the pure CO 2 added to maintain the C a at the target, and any 4 change in storage of CO 2 in the volume of air in the chamber during the measurement cycle.
where A tree is the instantaneous net CO 2 flux from the tree, I is the injection rate of pure CO 2 into 9 the chamber, F is the flow of CO 2 carried into the chamber in the fresh air stream, V is the flow 10 of CO 2 carried out of the chamber as a result of the fresh air entering, and ΔS is the change in 11 storage of CO 2 in the air mass within the chamber volume during the measurement cycle. The D air modifier function, taken from Lasslop et al. (2010), was as follows: of the target C a 90% of the time ( Fig. 2A -B, and Table 1 We developed leak constants that corrected for small gas diffusion leaks between the WTC and 30 outside air during whole-tree gas exchange measurements. In most cases, the sensitivity of calculated night time flux rates to switching CO 2 control on and off was found to be very small 1 (Fig. 3 ). There was a slight drift in the uncorrected fluxes when CO 2 injection was turned off and 2 a sudden change when the CO 2 injection was turned on and the C a concentration gradient 3 between the WTC and outside air was re-established. Leak corrections greatly improved the 4 relationship between night-time respiration and WTC T air (Fig. 4) . It should be noted that the 5 impact of these corrections on daytime CO 2 fluxes was generally small (< 5%), but these 6 corrections were very important during transition periods (e.g. during dawn and dusk) when trees 7 were near their light compensation point and fluxes were low. and 7) to these data and found a very good fit (Fig. 6A, B) . The transpirational flux E also shows 30 a hysteresis in response to D air , with higher rates of transpiration in the morning than in the 31 afternoon (Fig. 6C, D) , which is consistent with stomatal closure. Also, the ratio of E to A C 1 increased linearly with D air , but showed no hysteresis (Fig. 6E, F) , indicating a close coupling of 2 transpiration and photosynthesis and therefore stomatal control. Note that there was a rapid rise 3 in the ratio of E to A C towards evening (Fig. 6E, F In the WTCs, we demonstrated good control of T air and relatively precise control of D air (Fig. 2) . Open-top chambers and FACE systems are prone to C a fluctuations due to incursions of parcels 15 of ambient air, especially during windy periods, which can lead to variation in C a both spatially 16 and temporally (Whitehead et al., 1995; Hendrey et al., 1999; Mikkelsen et al., 2008) . In 17 contrast, C a in the WTCs can be well-regulated both in ambient and elevated treatments, with 1-18 minute C a within 3% of the target over 90% of the time (Fig. 3) based on early studies of frost hardening in snowgum (E. pauciflora) (Harwood, 1980 (Harwood, , 1981 . 26 Their approach has been adopted by process-based models of eucalypt plantation productivity, 27 using empirical parameter tuning to match productivity in cool environments (Sands and 28 Landsberg, 2002; Battaglia et al., 2004) . The data presented here will allow us to quantify cold-29 temperature impacts on Eucalyptus photosynthesis at the whole-tree scale for the first time. In 30 conjunction with ancillary leaf-level photosynthesis and chlorophyll fluorescence data, the data will allow us to identify the mechanisms underlying temperature effects on whole-tree CO 2 1 uptake. Kramer, K., Leinonen, I., Bartelink, H.H., Berbigier, P., Borghetti, M., Bernhofer, C., Cienciala, 22 E., Dolman, A.J., Froer, O., Gracia, C.A., Granier, A., Grünwald, T., Hari, P., Jans, W., 23 Kellomäki, S., Loustau, D., Magnani, F., Markkanen, T., Matteucci, G., Mohren, G.M.J., 24 Moors, E., Nissinen, A., Peltola, H., Sabate, S., Sanchez, A., Sontag, M., Valentini, R., at night at the coolest temperatures prior to applying the appropriate corrections (eq. 5). 
